IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 43, NO. 12, DECEMBER 2008

2747

A Fully-Integrated Quad-Band GSM/GPRS
CMOS Power Amplifier

Ichiro Aoki, Member, IEEE, Scott Kee, Member, IEEE, Rahul Magoon, Member, IEEE,
Roberto Aparicio, Member, IEEE, Florian Bohn, Student Member, IEEE, Jeff Zachan, Member, IEEE,
Geoff Hatcher, Donald McClymont, and Ali Hajimiri, Member, IEEE

Abstract—Concentric distributed active transformers (DAT) are
used to implement a fully-integrated quad-band power amplifier
(PA) in a standard 130 nm CMOS process. The DAT enables the
power amplifier to integrate the input and output matching net-
works on the same silicon die. The PA integrates on-chip closed-
loop power control and operates under supply voltages from 2.9 V
to 5.5 V in a standard micro-lead-frame package. It shows no os-
cillations, degradation, or failures for over 2000 hours of opera-
tion with a supply of 6 V at 135°C under a VSWR of 15:1 at
all phase angles and has also been tested for more than 2 mil-
lion device-hours (with ongoing reliability monitoring) without a
single failure under nominal operation conditions. It produces up
to +35 dBm of RF power with power-added efficiency of 51%.

Index Terms—CMOSFET power amplifiers, CMOS REF, dis-
tributed active transformer (DAT), global system for mobile
communications (GSM), power control, reliability.

1. INTRODUCTION

HERE is a strong drive toward handheld communica-
T tion devices with fully integrated CMOS components.
Although there are obvious cost, size, and repeatability advan-
tages, implementing fully integrated power amplifiers with no
external matching in standard CMOS is particularly challenging
due to the large supply variations and harsh load mismatches
present in handheld devices. Such integration enables many
new opportunities for low-cost wireless solutions for a broad
range of applications with no need for individual fine tuning of
the blocks.

The power amplifier (PA) has been one of the last bastions
of exotic technologies in wireless systems. The perceived need
for exotic technologies fundamentally arises from the require-
ment of delivering RF power in excess of +30 dBm to a 50 §2
load at a high operation frequency. This bottleneck requires a
peak-to-peak voltage swing in excess of 20 V at the nominal
50 €2 load; potentially higher voltages can occur under certain
VSWR conditions. This usually leads the designer to using a de-
vice technology capable of handling such voltage swings and/or
providing impedance transformation means to lower the 50 €2
nominal impedance to a lower value that requires a less severe
voltage swing.
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Process technologies providing fast, high-breakdown voltage
transistors for power amplifiers include GaAs HBT processes
[1]-[5], LDMOS processes [6], [7], SiGe HBT processes [8],
[9] or other customized processes [10], [11]. Despite superior
breakdown voltages compared to Si CMOS technologies for
similar RF performance, these approaches often also require
off-chip passive components (e.g., inductors and couplers). To
streamline the usage by hand-set manufacturers, these compo-
nents are typically included with the core amplifier IC on a
module, where the die is mounted on an organic or ceramic
substrate that typically contains the output matching network as
well, as depicted in Fig. 1(a). Despite the cost disadvantage and
diminished prospects for integration with the rest of the radio,
off-chip passive components and compound semiconductors are
used in the absence of any other viable alternative.

CMOS technology, on the other hand, has been recognized as
a desirable alternative [12]-[15], offering cost advantages and
prospects for integration with the rest of the radio. However,
the challenge of fully integrating the required output impedance
matching network is greatest in CMOS technologies as required
impedance transformation ratios are highest due to the lower de-
vice breakdown voltage resulting in comparably higher losses as
reactive currents in energy storing elements increase. This situa-
tion is exacerbated in CMOS by inductors of lower quality com-
pared with other technologies due to the increasingly highly-
doped, conductive substrates. Although watt-level CMOS PAs
have been reported in earlier works [12]-[14] dating back to the
late 1990s, those PAs as well as more recent research imple-
mentations (with the exception of the DAT concept [16]-[20])
require off-chip baluns [21], [22] to meet output power require-
ment alone or require bonding-wire inductors and large voltage
stresses across the transistors [23]. Therefore, fully integrated,
transformer-based CMOS PAs typically target standards with
lower output power requirements [24]. Other CMOS PA with
integrated output matching circuitry show much lower output
power levels [25], [26].

This paper will show how one can overcome the challenges
associated with the realization of a fully integrated commer-
cially viable CMOS PA at RF and microwave frequencies by
moving away from standard approaches without having to use
module technologies or exotic substrates. The techniques de-
veloped make it possible to have a fully-integrated CMOS PA
in a standard lead-frame package, as shown schematically in
Fig. 1(b). In Section II, we will review some of the dominant
breakdown mechanisms in CMOS. In Section III, we will elab-
orate on two main challenges posed by the low breakdown volt-
ages in MOS transistors. Section IV demonstrates how concen-

0018-9200/$25.00 © 2008 IEEE

Authorized licensed use limited to: CALIFORNIA INSTITUTE OF TECHNOLOGY. Downloaded on March 31, 2009 at 12:55 from IEEE Xplore. Restrictions apply.



2748

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 43, NO. 12, DECEMBER 2008

Compound

' ) Si power/bias
semiconductor die

control chip

External
Passives

Laminate or
ceramic substrate

Bond wires
& traces in

Standard
MLF package

Insensitive to bond
wire variations

Silicon CMOS die (no

Excellen
cellent external components)

Thermal Path

Fig. 1. The module-based compound semiconductor PA versus fully-integrated CMOS PA.

tric DAT's can be used to overcome both problems at the same
time. We will talk about power control and the input drive cir-
cuitry in VI and Section VII, respectively. Finally, we discuss
the final product and the measurement results in Section VIII.

II. CMOS BREAKDOWN MECHANISMS

Scaling of MOS transistors has been the primary enabling
technology behind the self-fulfilling prophecy of Moore’s law
[27]. Transistor scaling is ideally done by maintaining the same
electric field strength and profile inside the transistor, while the
physical dimensions of the MOSFET are scaled down [28], [29].
This results in an inevitable reduction in the maximum allow-
able voltages on the transistor [30]-[32], which is achieved by
migrating to smaller power supply voltages to avoid breakdown
and performance degradation.

Although digital circuits have coped well with this voltage
scaling, analog designers have faced additional hurdles in
dealing with scaling. As we will see in Section III, this poses
major challenges to use of conventional PA architectures in
CMQOS, particularly in battery operated handheld units. In order
to devise reliable solutions to this problem we must gain a
better understanding of the nature of various breakdown and
stress-related degradation mechanisms in MOS transistors, as
discussed next:

A. Gate Oxide Breakdown

Gate oxide breakdown leads to a catastrophic failure in a
MOSFET, resulting in permanent damage to the gate oxide.
This failure is caused by tunneling current due to electric field
across the gate oxide, which can result in defects within the
oxide or at the silicon/oxide interface. The presence of these
defects typically results in increased current in the affected re-
gion, potentially leading to destructive runaway. Once this oc-
curs, the ruptured oxide can result in an ohmic connection be-
tween the gate and the underlying silicon. Considering that the
gate oxide is only a few atomic layers thick (e.g., 2 nmin 130 nm
CMOS process), it takes a relatively small voltage for such a cat-
astrophic gate oxide breakdown to occur.

Although it is often assumed due to the sudden onset of de-
struction that this breakdown occurs instantly at a predetermined
“breakdown voltage,” in fact the failure is a probabilistic event,

with increasing probability as voltage, stress time, or oxide area
are increased. Even ignoring any areal manufacturing variation
in oxide thickness/quality, each unit area of oxide has an in-
dependent probability of failure in a given stress level and du-
ration. Even so, due to the particularly strong dependence on
voltage (which affects both the number of damage-causing car-
riers and the energy of each carrier), there is only a narrow range
of voltage where the variation due to time and device area has
any practical impact, and designers can to first order assume that
the design is robust if the oxide voltage is kept sufficiently low.

The allowable gate-oxide voltage becomes smaller as the gate
oxide thickness is reduced in each process generation. The intro-
duction of other dielectric materials in the gate can alleviate this
problem, but the underlying trade-off between transconductance
(which increases with areal gate capacitance) and gate break-
down voltage remains a major challenge to non-digital circuits.

As can be seen in Fig. 2, the voltage at the bottom of the gate
oxide varies between the source and drain. As a result, the oxide
stress is a function of position. The highest stress areas occur at
the source and drain oxide edges and so from a design stand-
point, we must ensure that the gate-source and the gate-drain
voltages (Vs and Vg p) never exceed pre-specified values, by
design.

B. Hot Carrier Degradation

Hot carrier degradation occurs when the -carriers in
the channel accelerate in the electric field caused by the
drain-source voltage. In short channel devices, this field can be
extremely high, and so carriers can achieve a very large energy
before losing momentum to a collision with the crystal lattice.

Some of these “hot” charge carriers collide with the lattice
before arriving at the drain! with sufficient energy to result in
impact ionization, as illustrated in Fig. 3. This, in addition to
potential avalanche multiplication, can result in surface defects,
resulting in a reduced carrier mobility in the channel. This can
also result in trapped charge in the gate oxide or oxide/silicon in-
terface, shifting the local threshold voltage. Usually this damage
is occurring in the drain region where the electric field is very
high, causing the damage to manifest itself as an increase in

IAll these hot carriers eventually decelerate when they get to the drain, be-
cause the mean-free path is much smaller in the highly doped drain.
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Fig. 3. Hot carrier degradation in a MOS transistor.

on-resistance and knee voltage, reducing the power amplifier
performance.

Unlike the gate oxide breakdown, the hot carrier degradation
is not intrinsically catastrophic. Instead, it can cause a gradual
degradation in the device performance over a period of time.
Although, the hot carrier degradation is caused by a different
mechanism than gate-oxide breakdown, the damage due to hot
carriers can result in increased rate of gate oxide damage.

For the hot carrier degradation to be noticeable, it is neces-
sary to have high drain-source voltage, Vpg, and substantial
drain current, Ip, at the same time. Thus, from a circuit de-
sign perspective, the hot carrier degradation can be prevented
by avoiding channel current when drain voltage is high. This
happens ordinarily in a switching amplifier, where the high ef-
ficiency is achieved by having a small transistor voltage while
the transistor conducts current and vice versa, making switching
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power amplifiers less prone to hot carrier degradation. However,
this can be a serious issue in a linear power amplifier.

C. Punch-Through

Under normal circumstances the drain-source current of a
MOS transistor flows close to the surface when a large enough
gate bias is applied to create a channel by inversion. In the
absence of a gate bias, very little current flows because the
drain-bulk and the source-bulk diodes are effectively connected
back-to-back with opposite polarities. As larger voltages are ap-
plied to the drain, the drain-bulk depletion region extends far-
ther to accommodate the electric potential drop. This depletion
region will eventually extend all the way to meet the depletion
region of the source-bulk junction, thereby diminishing the po-
tential barrier that stops the direct flow of current between the
drain and the source, as depicted in Fig. 4(a). This punch-though
process results in a current flow that can occur even in the ab-
sence of any significant gate bias (Fig. 4(b)).

In practice there is no need for the depletion regions to touch.
Even when they approach each other, the potential barrier height
drops, increasing current from one side to the other. Punch-
though is exacerbated by smaller channel length, L, and larger
Vbs. The significance of punch-through reduces rapidly with
increasing L.

Punch-through is not intrinsically destructive, although the
simultaneous occupance of high voltage and high current can
easily result in thermal failure if sustained. However, the process
can generate its own hot carriers, potentially causing similar
reliability issues as previously discussed. From a design per-
spective, punch-through can be dealt with by making sure that
Vps of a single transistor remains at all times below a certain
pre-specified value for any given channel length.

D. Drain-Bulk Breakdown

In a standard CMOS process the bulk is connected to a fixed
electrical potential and the drain-bulk diode experiences a re-
verse bias directly proportional to the absolute drain voltage,
Vp. This diode has a reverse breakdown voltage primarily de-
termined by the doping of the bulk (the lightly doped side).
Therefore, it is important to make sure that Vp does not reach
this breakdown voltage in addition to maintaining Vpg smaller
than its critical level. Fortunately, this breakdown voltage is rel-
atively high in today’s CMOS processes (e.g., greater than 10 V
in 130 nm CMOS).

As mentioned in the beginning of this section, it is essential
to be aware of these breakdown mechanisms and deal with them
through design to be able to implement a robust fully-integrated
PA in CMOS. Next we will talk about the circuit challenges and
solutions.

III. DESIGN CHALLENGES DUE TO BREAKDOWN

Low breakdown voltages of MOS transistors pose two cat-
egories of challenges for PAs used in handset cellular applica-
tions. The first one is due to the high output power requirement
of many wireless applications. The second challenge is caused
by the battery technology where the unit cell voltage is fixed and
does not scale. We will address these challenges and how they
can be overcome in this and Section IV.
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Fig. 4. (a) Punchthrough in a MOS transistor. (b) The effect on the /-V curve.

Fig. 5. Passive efficiency versus PER.

A. High Power Generation Using Low Voltage Transistors

For many applications the PA has to generate several watts of
RF power. For example, considering the losses in the diplexer
following the PA in a 900 MHz GSM transmitter, the PA
must produce up to +35 dBm (~ 3.1 W at its output). This
corresponds to a peak-to-peak voltage swing of approximately
36 V,p across a 50 €2 load.

On the other hand, assuming that we are not willing to let
the drain-source and drain-gate of a 130 nm CMOS transistor
to experience a peak voltage greater than 1.5 V, the drain RF
voltage amplitude cannot exceed 750 mV, assuming a sinusoidal
voltage waveform. If this voltage directly appears across a 50 2
resistor, it delivers only 5.6 mW of power to the load. This major
disparity can be captured by the very large power enhancement
ratio (PER) defined as the ratio of the required power into the
load, Preq (e.g., 3.1 W for GSM) to the maximum power di-
rectly deliverable to the load by the transistor assuming the same
voltage swing, Py, (e.g., 5.6 mW for a single 130 nm drive
NMOS), i.e., [18]
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This necessitates the use of an impedance matching network
that can present a smaller impedance to the transistor, so it can
deliver a larger power by driving a lower impedance load at a
lower voltage and higher current swing.

The impedance transformation can be achieved several
different ways. LC matching networks are common ways of
achieving this. The challenge in this case is that for a given
inductor quality factor (assuming lossless capacitor), the pas-
sive efficiency of the matching network drops with increasing
required PER. The optimum number of LC sections depends
on the unloaded inductor () and the PER. The maximum
achievable passive efficiency, 7, with the optimum number of
stages for a given PER and unloaded inductor @) is shown in
Fig. 5 [18].

As can be seen from Fig. 5, for large values of PER and
typical on-chip @Q)’s, the passive efficiency alone drops to pro-
hibitively low values, even in the absence of any energy loss
in the active device. (In our earlier numerical example with
Py;, = 5.6 mW and P,.. = 3.1 W, the PER is in excess of 500.)
The LC-matching approach may be suitable in applications with
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Fig. 6. (a) Resonant LC match. (b) Transformer match.

lower output power specifications (e.g., wireless LAN) due to
their lower required PER. However, the large required PER for a
fully-integrated watt-level CMOS power amplifier that includes
an on-chip output matching circuit poses a serious challenge to
integration.

Transformers have an advantage over LC matching section
because they store less energy in the inductance for a given
transformation ratio [18]. To demonstrate this point let us com-
pare the single-section LC resonant matching circuit shown in
Fig. 6(a), where the load resistance R,.q is match to the output
of the transistor, using an LC section. Assuming that the voltage
across the load resistor is nV and the current through R),q is [
and that the input voltage amplitude is V' and the input current
amplitude is n7, the total energy stored in the inductor is IV
and the impedance transformation ratio is n2. On the contrary if
the same impedance transformation ratio is to be achieved using
a transformer, as depicted in Fig. 6(b), the total energy stored in
the transformer will be nIV which is n-fold smaller than the
case of the LC match. The lower stored energy in a transformer
results in a smaller power loss for a given @, thus the advantage
of the transformer matching over LC matching.

A direct implementation of an on-chip transformer may be
an acceptable option for applications with lower required power
levels and PERs, where the primary and secondary inductors are
comparable (small impedance transformation ratio). However,
in watt-level CMOS PAs, due to the large required impedance
transformation ratios (and PERs), there is a large disparity be-
tween the inductance and the physical sizes of the primary and
the secondary inductors. A large ratio between the primary and
secondary inductance results in a lower effective quality factor
and degrades the efficiency.

In Section IV, we will see how this challenge can be over-
come using a distributed active transformer (DAT) which uses
several 1:1 transformers to combine impedance transformation
and power combining in the same structure, while always main-
taining a low voltage swing across the transistors.

B. The Battery Voltage Challenge

The battery cell voltage depends on its chemistry and does
not scale. This poses a challenge for mobile handsets that run
off of a battery (today it is most commonly Li-ion batteries with
a cell voltage of 3.6 V). Unlike many other circuits, the PA is
usually run directly off the battery with no external regulation
to preserve the system efficiency. This is further exacerbated
by the fact that the phone has to be operational on the charger,

1:
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which can apply voltages higher than that of the battery when
charging. This means that the PA has to operate reliably from a
high power supply under various conditions, such as load mis-
match, elevated temperature, etc.

In a PA, the drain of a drive transistor can experience an AC
signal greater than two-times the DC supply voltage applied
to its drain. Unfortunately, submicron standard MOS transistor
capable of operating at cellular frequencies cannot withstand
such voltages, generally speaking. Using a cascode stage and
dividing the voltage between those transistors can relax this re-
quirement by a factor of two, but by itself cannot solve such a
large disparity. In Section IV, we will see how this problem can
be solved by using stacked concentric DATs.

IV. DISTRIBUTED ACTIVE TRANSFORMER

DATs have been shown as the way to solve the first break-
down problem in a fully integrated fashion [16]-[20]. It makes
it possible to make fully-integrated watt-level power amplfiers
using low-breakdown voltage transistors. The DAT also allows
alleviating the effect of the low quality factor passive elements
used to integrate the output matching network.

A. Basic DAT

A single-concentric quad-core DAT is shown in Fig. 7. It
consists of four differential cores that drive the four corners of
the structure differentially. Thus, each primary slab inductor is
driven differentially creating a virtual ground in the middle of
the slab where the power supply is applied. The resonant capac-
itors for each inductor can be applied between the drains of two
adjacent transistors being driven differentially, instead of being
across the slab inductor itself. This can be done because the sym-
metry of the structure guarantees that it sees the same voltage
as when it was place in parallel with the inductor. This makes it
possible to create an alternating RF signal in the primary con-
sisting of the slab inductors, capacitors, and transistors.

The RF power is then magnetically coupled to the secondary
loop that consists of the secondaries of four 1:1 transformers in
series. This allows the secondary voltages to add up in-phase in
the voltage domain to achieve the high voltage levels necessary
for a watt level output into the load (e.g., 36 V,, for +35 dBm
into a 50 2 load). The large voltage swing on the secondary loop
does not pose a reliability issue since no transistor is connected
electrically to the output to experience it. More discussion on
the detailed operation of DAT can be found in [16]-[20].
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Fig. 7. Single quad-core distributed active transformer.

In Fig. 7, the DC power supply voltage is provided to the am-
plifier via the mid-point of the primary slab inductors (a virtual
ground). Since this DC voltage appears directly at the drain of
the drive transistors, its maximum value is limited by transistor
breakdown voltage. A cascode structure can be used to increase
the supply voltages that can be tolerated by the transistors. Al-
though the cascode helps by allowing a larger voltage to appear
on the drain of the top transistor without degrading the device
performance, it is not sufficient for a power amplifier that must
withstand a peak voltage in excess of twice the Vpp with a
high-cell voltage battery (e.g., Li-ion) on the charger under sig-
nificant load mismatch (large VSWR) without any long-term
performance degradation. Next we will see how a concentric
DAT can be used to overcome this challenge.

B. Concentric DAT

Although the DAT can be used to produce watt-level output
powers at low gigahertz frequency range with good efficiency,
its original implementation is more conducive to low supply
voltages. This is very useful for a low-battery-voltage solution
that may become more commonplace in the future. However,
it is not compatible with the higher voltages presented by the
Li-ion batteries, which under charging situations can present
supply voltages in excess of 3.6 V to the PA.

This problem can be solved by noticing that the mid-points
of the slab inductors are at virtual grounds and as such can also
serve as the ground connection of another DAT, concentric with
the original one. This way, we can form the double-concentric
DAT, as shown in double-concentric quad-core DAT example of
Fig. 8. This arrangement allows for the same DC current to be
shared by the inner and the outer DATSs. This way, each DAT
experiences roughly half of the supply voltage while each con-
tributes to the total output RF power magnetically coupled to
the secondary loop. It is noteworthy that this procedure can be
repeated multiple times if necessary.

Another challenge for a fully integrated commercial
GSM/GPRS CMOS power amplifier is the potential load
mismatch presented to the output of the PA mainly due to
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Fig. 8. Double-concentric quad-core DAT with cascode drivers.

the changes in the relative position of conductive objects
with respect to the antenna. The PA has to keep meeting its
specifications for relatively large voltage standing-wave ratios
(VSWRs) (8:1 at the PA output) for all potential phase angles.
It also has to remain operational and should not be permanently
damaged or degraded under an even greater VSWR (15:1
at the PA output). Additionally, it must not oscillate and its
supply current has to be kept below a predetermined maximum
under any of these conditions, with the output power tightly
controlled over a broad range of power levels. The distributed
nature of the PA combined with its concentric design improves
its robustness, as each transistor experiences smaller stress even
under severe load mismatch conditions. This allows the PA to
maintain performance and avoid damage under severe VSWR
and other adverse effects.

V. ELECTROMAGNETIC SIMULATIONS

In order to achieve a robust design, it is very important to ac-
curately model all on-chip passive structures, in particular the
DAT as it carries large AC and DC currents when the power
amplifier is operating at full output power. The modeling chal-
lenges are further exacerbated as the DAT in each band occupies
a large physical area and creates strong AC magnetic fluxes in
its vicinity. As a result, other passive structures such as the har-
monic filter inductor, the transformers, and even the bonding
wires can pick up strong, potentially undesirable or even de-
structive interference. Furthermore, the large AC currents drawn
create strong common-mode voltages wherever even a small
amount of inductance is present. As these voltages could also
negatively impact performance or even cause breakdown condi-
tions, it is important to accurately simulate all passive circuitry.

The DAT and the amplifier output network are simulated in
commercial, 2.5-D electromagnetic field-solver software (e.g.,
[33]). The S-parameter output data at the frequencies of interest
is used in large-signal, nonlinear harmonic balance simulations
to predict amplifier performance as well as to find design values
of tuning elements. Both electric and magnetic coupling mech-
anisms from the DAT to DC supply lines and signal feed struc-
tures can also be identified and their impact on the overall circuit
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performance evaluated. In this way, a robust design can be ar-
rived at, in which the coupling mechanisms are reduced to an ac-
ceptable minimum. Where necessary, the full-chip electromag-
netic simulations were complemented by more accurate, finer
grid-size EM simulations of partial structures to evaluate some
of the more particular interactions such as between the DAT and
the transformers.

The electromagnetic S-parameter simulation results are also
used to derive a lumped-element approximation of the passive
structures, enabling time-transient simulations including the
passive structures to evaluate start-up transients as well as
transmit mask requirements.

The impact of tuning capacitor and packaging variations was
also evaluated and compared to RF circuit simulations. This also
allows an assessment of circuit performance sensitivity to pro-
cessing and packaging variations, which could negatively im-
pact overall product yield.

VI. POWER CONTROL AND BIAS

Each wireless communication standard imposes stringent re-
quirements on the transmitter under real world operating condi-
tions. The GSM standard, requires accurate control of the power
transmitted by the PA as well as the timing of each power burst
in addition to placing restrictions on spectral emissions allowed
within and outside the intended transmit frequency channel.

These collective specifications must be met under varying
combined conditions of operating supply, temperature, fre-
quency band, and output load mismatch experienced by the PA.
Also, in order to minimize individual tuning of phone handsets
in volume production, it is important that the part-to-part
variation on many of these performances be minimal. With the
exception of noise and RF isolation, most of these specifications
require closed-loop control of the PA.

Typically, closed-loop power control is employed in a PA for
such an application. A power detector, which is used to sense
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Fig. 10. Functional block diagram of the fully integrated quad-band CMOS.

the output of the PA, generates a signal that is then compared to
an externally supplied reference in order to generate the signal
that controls the PA. The closed loop power control accuracy
is limited fundamentally by the precision of the sensor and by
the loop gain that corrects the error. A typical closed-loop power
control circuit thus needs to maintain its loop gain and employ a
feedback block whose transfer function is as insensitive as pos-
sible to the changing operating conditions. The bandwidth of
the power control loop is constrained on the one hand by tran-
sient requirements, which tend to require higher bandwidths,
and on the other hand, by noise emission constraints which tend

Authorized licensed use limited to: CALIFORNIA INSTITUTE OF TECHNOLOGY. Downloaded on March 31, 2009 at 12:55 from IEEE Xplore. Restrictions apply.



2754

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 43, NO. 12, DECEMBER 2008

dBm Max. Level Auto Lc-w MNoise Chan/Trig. Slot Offs.: 60J 0
wan ®: -310 dBrv -04 MHz Q. - 288 dBmv 04 MHz  B. - 300 dBrmd 0.6 MHZ
EE
+20 H Fixed Meas.point
with limitcheck
+0 W Var. Meas point
no limitcheck
Freq. for Time
T Domain
M
-18 16 1.4 - 12 10-08 08-04-0200 02 04 06 08 10 12 14 16 18
1 |
dBm Slot Count: 1 FreqSel.: 04 MHz
wan B —— §Off U: - 2688 dBrmv - 1.00 SymB: - 305 dBm7147.00 Syr
+20
I Ok
+0
|  33.07 uBm
Ref. Power
i Sym atistic Count
-20 [i] 20 40 60 80 100 120 140 160 st o
Fig. 11. The output switching transient.
dB  Max Level Auto Low Noise  Freq. Offset. + 0000 kHz  Chan/Trig. Slot Offs. i
L - i Off -—- i off ——— i Off
T Current
) L
-10
-20
-30
-40
= 3285 dBm | AvgBurstPouwer(Cur)
000 Sym. Sym Offset
=50 [ GsMo TSC (correlation ok.)
[ Statistic Count
=70 [ 000 % Out of Tolerance
YAWAVALNIN NIAVAVIAY
-8 -6 -4 -2 0 2 [] 144 148 148 150 152

Fig. 12. The power-up and power-down time masks.

to require lower bandwidths. To the extent that the power con-
trol loop’s open loop gain is kept constant over power level, the
bandwidth remains constant.

The implementation of power control specifically for a DAT-
based PA presents a number of unique challenges. Firstly, the
controlled forward path is distributed, but drives a single output.
Secondly, given that the DAT-based PA consists of two dis-
tributed concentric primaries which are connected in series in
DC through the virtual grounds, half of the forward control ele-
ments are different from the other half. Finally, as is discussed
in detail in the previous section, the presence of the DAT on the
same die as input drive and control circuits dictates that partic-
ular attention must be paid to any trace on the die that has to
cover any significant routing distance as it may pick up several
volts of RF. This is particularly concerning given that the power
control has a distributed function to perform as well.

The power control loop topology chosen employs current
mode routing throughout the die in order to control the dis-
tributed forward elements, as shown in Fig. 9. The forward
control paths are matched to each other. A single feedback
detector is employed for each band in order to sense the output
of the PA and its output is fed back to a single control loop error
amplifier, again in current mode.

The power control loop operates under a voltage regulator
whose output voltage is maintained constant under all supply
conditions. This ensures that the loop dynamics are, to the
first order, unaffected by changes in the battery voltage. Since
the power control loop has to maintain spectral purity under a
range of output load mismatch conditions, the feedback sensor
used ensures that the control loop stays closed at all times. This
allows the output of the PA to faithfully follow the reference
ramping signal in both the time and modulation frequency
domains under all conditions and meet the GSM output radio
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Fig. 13. Power control accuracy for different supply voltages.

frequency spectrum (ORFS) requirements, as demonstrated in
Section VI

VII. INPUT DRIVE SYSTEM

One of the major challenges in the design of a PA is a good
input stage to drive the gates of the power transistors. Two of
the common problems faced by a poor input circuit design are
namely potential for oscillation created by parasitic coupling
from the output to the input and input signal degradation due
to poor grounding of the output power stage.

The oscillation challenge due to output coupling, is exacer-
bated if the input connections need to be routed through in-
side of the DAT in order to save die area. The DAT generates a
strong magnetic field inside its loop, hence any metal connection
within its perimeter will have a high voltage signal induced on
it that can be up to several volts. This unwanted voltage induced
in the input connection will add to the input signal becoming a
direct RF feedback from PA output, potentially causing insta-
bility. A second coupling mechanism, albeit of lesser strength
than the first, is capacitive coupling from the DAT through the
substrate.

Coupling problems can be more easily addressed if the input
signal is made differential and common mode coupling and dif-
ferential mode coupling from the output are treated indepen-
dently. An input active balun is used for each of the bands. The
balun simultaneously transforms the single-ended input signal
to four differential signals for the low-band and three differen-
tial signals for the high band.

In order to avoid the differential signal from coupling mag-
netically to the input through the long connections between
these input active baluns and the power transistor gate driver
circuits in the DAT, these connections were implemented using
a twisted pair configuration, where magnetic coupling in the
adjacent lobes is of opposite polarity and gets canceled out.
Transformers were used in the drive path to isolate any common

870
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Vbat=4.8
Vbat=4.9
—<— Vbat=5.0
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mode signal from the inputs to the outputs. The isolated out-
puts from these transformers further provides common mode
isolation among each one of the power transistors pairs in the
distributed PA.

In summary, a combination of transformer isolation,
shielding and twisted pair transmission line allow main-
taining the integrity of the input signal to each one of the
power transistor pairs in AX502 avoiding a serious input signal
degradation and possible oscillation.

VIII. THE END PRODUCT

Fig. 10 shows the block diagram of the presented quad-band
fully integrated CMOS PA. It comprises two separate PAs on
the same die, one for the two lower frequency bands (GSM at
850 MHz and E-GSM at 900 MHz) and another for the high
bands (DCS at 1.75 GHz and PCS at 1.9 GHz). Both the low-
and the high-band PAs are matched to 50 €2 on-chip at their
single-ended input and output terminals. The low-band (LB)
PA, which must be able to deliver a peak power of at least
+34.5 dBm is implemented using a double-concentric quad-
core DAT. The high-band (HB) PA, which must have a peak
power in excess of +32.5 dBm can achieve this peak power with
a triple core as opposed to the LB quad-core and is thus real-
ized as a double-concentric triple-core DAT. An on-chip power
control monitors the supply current and output power of the PA
using on-chip sensors and adjusts its operating point to a tight
control of the output power level and supply current.

The fully integrated quad-band CMOS PA is implemented
in a standard 130 nm CMOS process and runs off a nominal
supply of 3.5 V. It is housed in a 5 mm X 5 mm X 0.9 mm
MLF package. In the E-GSM band it produces a maximum RF
power of +35 dBm (3.2 W) with a PAE of 51% that includes
all the on-chip losses of the PA, the power control, and other
supporting circuitry and package losses. It operates reliably with
input power levels ranging from 0.2 dBm to +8 dBm . The HB
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Fig. 15. Transmit noise in the receive band (20 MHz offset) versus Pin.

power amplifier in the PCS band (1850 to 1910 MHz) produces
up to 33 dBm (2 W) of power at an overall efficiency of 45%.
The PA is fully compliant with the FCC and GSM re-
quirements, has passed GSM/GPRS full-type-approval (FTA)
certification for use in phones, and is in high volume production.
The measured output switching transient spectrum is shown
in Fig. 11. The power-up and power-down time masks are
shown in Fig. 12. The power control accuracy and performance
under supply voltage variations is shown in Fig. 13. Its transmit
noise in the receive band (at 20 MHz offset) varies between
—102 dBm to —84 dBm for output power levels ranging from
0 dBm to +35 dBm, which meets the GSM requirements with
a margin, as seen in Fig. 14. The transmit noise in the receive
band (20 MHz offset) versus Pin is shown in Fig. 15. The Viamp
control characteristics are shown in Fig. 16, which provides
a very easy way of controlling the power in the system. This
characteristic is very repeatable across PVT variations.
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Fig. 18. Die photograph of quad-band fully integrated CMOS PA.

The PA operates for any supply voltage between 2.9 V and
5.5V, and can withstand a supply of up to 6 V indefinitely under
VSWR of greater than 15:1 for all phase angles with no oscil-
lation, breakdown, or degradation. Fig. 17 shows the variations
of the output power and battery current with different VSWR
angles. This has been demonstrated by more than 2000 hours
of failure free operation for hundreds of units at 87.5% duty-
cycle under these conditions. The PA has also been tested for
more than 2 million device-hours (with ongoing reliability mon-
itoring) without a single failure under nominal operation con-
ditions. Its instantaneous supply breakdown voltage is greater
than 9 V. A die micrograph of the chip is shown in Fig. 18.
The presented PA proves the viability of CMOS technology for
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watt-level fully integrated power generation for wireless appli-
cations and serves as an important step toward a single-chip
cellphone.
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